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Supplementary Discussion 
 
Energy conservation and methanogenesis cofactor biosynthesis in NM3 and NM4: The 
predicted methanogenesis and associated energy conservation complexes of NM3 are mostly 
similar to Methanofastidiosales1 (Supplementary Fig. 1), their closest related methanogens in 
the archaeal phylogeny (Fig. 1). Members of these two lineages share i) the HdrABC/MvhADG 
electron bifurcating complex using H2 for the reduction of a low potential ferredoxin and the 
regeneration of CoM-SH and CoB-SH2, and ii) the Ehb complex which may generate a 
chemiosmotic gradient from the reduction of protons using the reduced ferredoxins produced 
by the HdrABC/MvhADG complex (Fig. 3). At the difference of Methanofasidiosa, NM3 might 
not be limited to reduce methyl-compound with H2, but could possibly use formate as an 
alternative electron donor. Indeed, a gene coding for a formate dehydrogenase (FdhA) is 
found in cluster with genes coding for HdrA and MvhD. With HdrBC, they might form an 
HdrABC/MvhD/FdhA electron bifurcating complex, reducing a low potential ferredoxin and 
regenerating CoM-SH and CoB-SH by using formate as electron donor. This type of electron 
bifurcating complex using formate instead of H2 have been previously suggested in 
Methanococcus maripaludis3. 

The presence of homologues of the ferredoxin:quinone oxidoreductase (Fqo-like) 
complex and of the HdrD subunit in NM4 suggests that it might be able to generate a 
chemiosmotic gradient from the reduction of heterodisulfides (CoM-S-S-CoB) by reduced 
ferredoxins, similarly to what was proposed for Methanomassiliicoccales4 (Supplementary Fig. 
1). However, the NM4 MAG lacks the heterodisulfide reduction catalytic subunit (HdrB) of the 
HdrABC/MvhADG complex. If the gene coding for this subunit is not in the missing part of the 
MAG, this would imply an alternative way to conserve energy than in Methanomassiliicoccales 
(Fig. 3, Supplementary Table 1). An alternative metabolism for NM4, namely methanotrophy, 
might also be possible (McKay et al., submitted).  

Both NM3 and NM4 lack coenzyme M biosynthesis genes (Supplementary Table 1), 
suggesting that they are dependent on the production of this coenzyme by other members of 
the community for growth. Auxotrophy for coenzyme M is not uncommon among 
methanogens5–8. More surprising is the absence in NM3 of the genes involved in F430 
biosynthesis (Supplementary Table 1), otherwise present in most methanogens (Table 2). 
These four genes could however be present in the missing region of this MAG. 
 
 
Energy conservation in Methanonatronarchaeia and Verstraetearchaeota: Consistently with 
the first reported Methanonatronarchaeia genomes9, Mnatro-ASL MAG is predicted to 
encode cytochrome b for electron transport in the membrane (Fig. 3, Supplementary Table 1). 
This type of energy conservation has a narrow distribution among methanogens, having been 
so far restricted to Methanosarcinales10. In contrast to the Methanosarcinales, the 
Methanonatronarchaeia encode a three-subunit membrane-bound formate dehydrogenase 
(Fdh-N-like complex11) allowing them to use formate as an electron donor (Fig. 3). Because 
they rely on cytochrome b and do not possess the electron bifurcating complex formed by the 
heterodisulfide-reductase (HdrABC) and [Ni-Fe] hydrogenase (MvhADG), 
Methanonatronarchaeia probably do not reduce low potential ferredoxins during 
methanogenesis (Fig. 3). However, reduced ferredoxins are needed for anabolic reactions 
such as the synthesis of pyruvate from acetyl-CoA. Two Methanonatronarchaeia, including 
Mnatro-ASL, encode a hydrogen-evolving membrane-bound hydrogenase (Mbh) complex 
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(Fig. 3, Supplementary Table 1). This complex was initially characterized in Thermococcales 
where it couples the reduction of proton (H2 evolution) by reduced ferredoxin with the 
generation of a sodium ion gradient12,13. In Methanonatronarchaeia, the Mbh complex might 
function in the reverse direction, using H2 and the chemiosmotic gradient to generate the 
reduced ferredoxin needed for anabolic reactions. This would correspond to a similar role 
played by Ech in Methanosarcina barkeri growing by reduction of methanol with H214. 

Several subunits of the HdrABC/MvhADG complex appear to be absent in all known 
Verstraetearchaeota (corresponding to the ‘Ca. Methanomethyliales’ order). Strikingly, the 
HdrA subunit responsible for electron bifurcation and reduction of ferredoxin2,15 is absent, as 
well as MvhD linking HdrA to MvhAG16. Distant homologues of the genes coding for the 
MvhAG hydrogenase are present but they likely correspond to the hydrogenase subunit 
(hyhLS) genes of a sulfhydrogenase complex (reducing H+ or S° or  Sn2−  with NADPH)17,18 as 
they are co-localized with the hyhGB genes. This HyhBGSL complex has been proposed to be 
involved in the disposal of excessive reducing equivalent produced during fermentation18, 
supporting previous metabolic predictions that Verstraetearchaeota have the potential to 
generate energy from fermentation in addition to methanogenesis19. Finally, the hdrBC genes 
(HdrB responsible for the reduction of CoM-S-S-CoB) are surrounded by genes coding for an 
uncharacterized membrane bound hydrogenase complex, suggesting an association between 
HdrBC and this complex (which we tentatively name Energy-converting Hydrogenase D, Ehd; 
Supplementary Fig. 2), rather than being part of a hypothetical HdrABC/MvhADG complex. 
We suggest that the Ehd complex couples the exergonic reduction of CoM-S-S-CoB by H2 to 
the translocation of ions outside of the cell (Supplementary Fig. 2), which would resolve the 
energy conservation associated to methanogenesis in the absence of the HdrABC/MvhADG 
complex in the Verstraetearchaeota. However, as pointed out by Thauer et al.,20, all 
membrane bound hydrogenase complexes known so far have a similar topology and couple 
the oxidation of H2 with the translocation of ions within the cell (energy consuming reaction), 
which is the opposite of how Ehd would operate if it conserves energy by the reduction of 
CoM-S-S-CoB with H2. 

Similarly to Methanonatronarchaeia, the absence of the HdrABC/MvhADG complex in 
Verstraetearchaeota MAGs (all members of ‘ Ca. Methanomethyliales’) likely prevents the 
reduction of low potential ferredoxins during methyl-dependent hydrogenotrophic 
methanogenesis. The ferredoxins needed for several anabolic reactions may be produced by 
the Energy-converting Hydrogenase B (Ehb) complex, which is encoded by all 
Verstraetearchaeota (‘Ca. Methanomethyliales’) MAGs (Fig. 3). Alternatively, if 
Verstraetearchaeota members are able to grow fermentatively, the ferredoxins reduced by 
the 2-oxoacid:ferredoxin oxidoreductases (Kor, Ior, Por and Vor) during amino-acid 
fermentation could be reoxidized by the Ehb complex, evolving H2 and coupling the reaction 
to energy conservation by translocating sodium across the membrane. In addition, the Fpo-
like complex, also encoded by all Verstraetearchaeota (‘Ca. Methanomethyliales’), could 
associate with HdrD, as previously proposed in Methanomassiliicoccales4. In this case, the 
ferredoxin reduced during fermentation could be used by Fpo/HdrD complex to reduce CoM-
S-S-CoB, linking fermentation and methanogenesis on methyl-compound. However, the 
capacity of the Verstraetearchaeota for fermentation will need further exploration. Indeed 
several enzymes possibly involved in fermentation (e.g. Kor, Ior, Por and Vor for peptide 
fermentation) in these archaea19, are also largely distributed in other methanogens that use 
them in reverse for amino-acid biosynthesis21. 
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Energy conservation in ‘Ca. Methanophagales’ (ANME-1): Annotation of the ANME-1-THS 
MAG strengthens previous observations made for ‘Ca. Methanophagales’22,23, including the 
absence of the FwdFG subunits of the formyl-methanofuran dehydrogenase and of the 
methylene-H4MPT reductase (Mer) in the m-WL pathway (Supplementary Fig. 3). As suggested 
for ANME-1b24, the genes coding for MetFV have the potential to compensate for the absence 
of Mer (Supplementary Fig. 3). However, the possible oxidoreductase related to MetFV and 
the electron transporter associated with it (e.g. ferredoxin, NAD, F420) remain unknown. 
Beyond these similarities, the energy conservation is likely different in ANME-1-THS compared 
to ANME-1b (Supplementary Fig. 3). Indeed, there are two potential PsrABC-like complexes in 
ANME-1-THS. The molybdenum/selenocysteine-containing dehydrogenase subunit of one of 
them is likely involved in sulfur compound reduction, while it is not excluded that the other 
one could be a formate dehydrogenase. In addition to the presence of potential Psr-like 
complexes and the absence of c-type multiheme cytochromes, ANME-1-THS also differs from 
ANME-1b by the presence of an Rnf complex that could participate to chemiosmotic coupling. 
The Rnf complex was initially described in bacteria, including acetogens25, where it couples 
the reduction of NAD+ by ferredoxin to the translocation of sodium ions across the membrane, 
generating a chemiosmotic gradient for the ATP-synthase. So far, this complex has only been 
identified in Methanosarcinaceae among Archaea26. The Rnf complex present in 
Methanosarcinaceae differs from the bacterial version by using 
methanophenazine/menaquinone instead of NAD+ as electron acceptor27 (Supplementary Fig. 
6A). Interestingly, the Rnf complex of ANME-1-THS probably functions more similarly to the 
bacterial version than the Methanosarcinales version (Supplementary Fig. 6A). Indeed, the 
residues that are conserved in both the bacterial NADH oxidoreductase RnfC and the NADH 
oxidoreductase NuoF are also conserved in the ANME-1-THS RnfC (Supplementary Fig. 6C). 
These residues are not conserved in the Methanosarcinales RnfC (Supplementary Fig. 6C). In 
addition, the cytochrome c subunit specific to most Methanosarcinales (with the exception of 
ANME-2c) is not present in ANME-1-THS (Supplementary Fig. 6B). The role of this complex in 
ANME-1-THS remains unclear but could be related to energy conservation. Interestingly, a 
similar Rnf complex was found in both NM1 MAGs (Supplementary Fig. 6). 

 
 

Possible oxidation of ethyl- to acetyl- through the m-WL pathway in GoM-Arc1: After the 
activation of the alkane into akyl- by the MCR-like complex, the enzymes involved into the 
reduction of the alkyl- into an acyl- remain unknown in ‘Ca. Syntrophoarchaeum’28 and GoM-
Arc1. This oxidation could occur in GoM-Arc1 via the m-WL pathway, as speculated for ‘Ca. 
Syntrophoarchaeum’28. In this case, the alkyl- moiety would be transferred from CoM-SH to 
H4MPT by the MTR complex, followed by its sequential oxidation into acyl-H4MPT by Mer, Mtd 
and Mch (Fig. 3). Interestingly, the two GoM-Arc1 MAGs encode a divergent MTR complex 
possibly indicative of an adaptation to the transfer of ethyl- from CoM to H4MPT. The 
utilization of this pathway is still purely hypothetical and alternatively, yet unknown enzymes 
could mediate this process. In any case, if GoM-Arc1 members use ethane (CH3CH3), the 
oxidation of the ethyl- group would lead to an acetyl- group making the beta-oxidation 
pathway not needed. Then, the acetyl- group would have to be transferred to CoA, to form 
acetyl-CoA, which would be further oxidized into two CO2 through the reverse WL pathway 
(Fig. 3). 
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Proposed names for species, genera, families and orders in the ‘Candidatus Methanoliparia’: 

The 16S rRNA genes of the NM1a and NM1b MAGs share 81% identity with the closest 
members of other archaeal classes, which is in the range of the recently recommended values 
for class-level classification29. Moreover, the 16S rRNA genes of these two MAGs share 87% 
identity with each other, corresponding to family-level classification29. We thus propose that 
the two NM1 MAGs belong to two distinct families, ‘Candidatus Methanoliparaceae’ and 
‘Candidatus Methanollivieraceae’ and with the proposed class ‘Candidatus Methanoliparia‘. 
 
Description of the proposed genus ‘Candidatus Methanoliparum thermophilum’ 
‘Candidatus Methanoliparum thermophilum’ (Me.tha.no.li.pa’rum. N.L. neut. n. methanum 
methane ; N.L. pref. methano-, pertaining to methane; Gr. adj. liparos fat, greasy; N.L. neut. 
n. Methanoliparum methane-producing/consuming organism present in oil-rich 
environments; ther.mo’phi.lum. Gr. fem. therme heat; N.L. neut. adj. philum (from Gr. neut. 
adj. philon) loving; N.L. neut. adj. thermophilum heat-loving). This organism is not cultured, 
and is represented by the near-complete MAG NM1a (type material) obtained from an 
enrichment culture (50°C) using biodegraded oil as inoculum from Brazil (Table 1). It is 
proposed to be capable of methanogenesis (or methanotrophy) and short-chain alkane/long-
chain fatty acid oxidation and is possibly motile.  
 
Description of the proposed genus ‘Candidatus Methanolliviera hydrocarbonica’ 
‘Candidatus Methanolliviera hydrocarbonica’ (Me.than.ol.li.vie’ra. N.L. masc. n. methanum 
methane ; N.L. pref. methano-, pertaining to methane; N.L. gen. masc. n. olliviera, of Ollivier, 
named after Dr. Bernard Ollivier; N.L. masc. n. Methanolliviera a methane-
producing/consuming organism named in honor of Dr. Bernard Ollivier for his work on 
methanogens and microorganisms from oil rich environments; hy.dro.car.boʹni.ca N.L. fem. 
adj. hydrocarbonica pertaining to hydrocarbons, referring to its presence in hydrocarbon-rich 
environments). This organism is inferred to be capable of methanogenesis (or 
methanotrophy) and short-chain alkane/long-chain fatty acid oxidation, possibly motile, not 
cultured, represented by the nearly complete MAG NM1b (type material) obtained from Santa 
Barbara Channel oil seeps (Table 1). 
 
Description of the proposed family ‘Candidatus Methanoliparaceae’ 
(Me.tha.no.li.pa.ra.ce’ae. N.L. neut. n. Methanoliparum a (Candidatus) genus name; -aceae 
ending to denote a family) N.L. neut. pl. n. Methanoliparaceae the (Candidatus) 
Methanoliparum family. The description is the same as for the candidate type genus 
Methanoliparum. 
 
Description of the proposed family ‘Candidatus Methanollivieraceae’ 
(Me.than.ol.li.vie.ra.ce’ae. N.L. fem. n. Methanolliviera a (Candidatus) genus name; -aceae 
ending to denote a family; N.L. fem. pl. n. Methanollivieraceae the (Candidatus) 
Methanolliviera family) The description is the same as for the candidate type genus 
Methanolliviera. 
 
Description of the proposed order ‘Candidatus Methanoliparales’ 
(Me.tha.no.li.pa.ra’les. N.L. neut. n. Methanoliparum a (Candidatus) genus name; -ales ending 
to denote an order) N.L. fem. pl. n. Methanoliparales the (Candidatus) Methanoliparum 
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order). The description is the same as for the candidate type genus Methanoliparum. This 
candidatus order also contains the candidate genus Methanolliviera. 
 
Description of the proposed class ‘Candidatus Methanoliparia’  
(Me.tha.no.li.pa’ria. N.L. neut. n. Methanoliparum a (Candidatus) genus name; –ia ending to 
denote a class: N.L. neut. pl. n. Methanoliparia, the (Candidatus) Methanoliparales class. The 
description is the same as for the candidate type order Methanoliparales. 
 

 

Evolutionary and functional aspects of six conserved markers (m4 to m9) in MCR/MCR-like 

bearing archaea: Six of the most conserved markers in all methanogens, methanotrophs and 
short-chain alkane oxidizers (m4-m9; Table 2) are encoded by genes that are co-localized in 
most reference genomes and MAGs (Supplementary Fig. 9). A congruence analysis among the 
single phylogenies of theses markers revealed that they have a similar evolutionary history 
(Methods). ‘Ca. Methanophagales’ (ANME-1) and GoM-Arc1 represent an exception, because 
m4, m8 and m9 show a different evolutionary history than m5, m6 and m7. These markers 
were thus concatenated separately for these MAGs. NM1a, NM1b and ‘Ca. 
Syntrophoarchaeum caldarius’ have an extra-copy of the markers m4, m8 and m9 (named 
m4’, m8’ and m9’ on Supplementary Fig. 10) that were also added to the phylogenetic analysis 
in a separate concatenation, after checking them for congruence.  

Overall, the phylogeny of the six markers (Supplementary Fig. 10) is more similar to 
the MCR/MCR-like phylogeny (Fig. 2) than to the reference archaeal phylogeny (Fig. 1). In 
particular, the clustering of most methyl-dependent hydrogenotrophic methanogens lineages 
in both m4-m9 and MCR/MCR-like phylogenies (Fig. 2) is not congruent with the phylogenetic 
relationships between those lineages in the reference phylogeny (Fig. 1). This suggests that 
the possible transfer of MCR between some of these lineages (see main text) was also 
associated with a transfer of the markers m4 to m9. 

Markers m4, m8 and m9 seem to have specific functional interactions with MCR/MCR-
like complexes, as suggested by the occurrence of extra copies (m4’, m8’ and m9’) in archaea 
with two distant MCR homologues: in the NM1 MAGs which code for both an MCR and an 
MCR-like complex, and in ‘Ca. Syntrophoarchaeum caldarius’ which harbors distantly related 
MCR-like complexes (Fig. 2, Supplementary Fig. 10). A comparison between the MCR/MCR-
like phylogeny (Fig. 2) and that of m4-m9 (Supplementary Fig. 10) provides some clues about 
the possible associations among these enzymes. The MCR-like complex and the second copies 
m4’, m8’ and m9’ markers of NM1 show the same sister lineages in their respective 
phylogenies (Fig. 2, Supplementary Fig. 10) and this is also true for the MCR complex and the 
m4-m9 cluster of NM1 (Fig. 2, Supplementary Fig. 10). This suggests that in NM1, the m4’, m8’ 
and m9’ proteins could be associated with the MCR-like complex, whereas the m4, m8 and 
m9 proteins could be associated with the canonical MCR complex. Similarly, the m4’, m8’ and 
m9’ markers of ‘Ca. Syntrophoarchaeum caldarius’ could interact with the MCR-like complex 
that branches with GoM-Arc1, while m4, m8 and m9 could be associated with the MCR-like 
complexes that branches with Bathyarchaeota and NM1 (Fig. 2, Supplementary Fig. 10). A 
functional link between m4, m8 and m9 proteins and the MCR/MCR-like complexes is further 
suggested by the fact that in the phylogenies of these three markers (Supplementary Fig. 10), 
GoM-Arc1 and ‘Ca. Methanophagales’ have a position similar than in the MCR/MCR-like 
phylogeny (Fig. 2), while the position of their m5, m6 and m7 markers is congruent to the 
reference phylogeny (Fig. 1). This suggests that the transfer of MCR from a member of the 
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Acherontia to ‘Ca. Methanophagales’ could have occurred together with a transfer of the m4, 
m8 and m9 genes. 

Homology of three of these markers with characterized enzymes provides potential 
clues about their role: marker m4 shares homology with cyclophilins, which are involved in 
protein folding30, suggesting that it might be involved in MCR subunit folding and assembly. 
Marker m7 might have an activation role since it shares distant similarity with the ATP-
dependent activator protein. Finally, marker m9 shares a weak similarity with McrC (m11) 
which is part of the activation complex of MCR31, and these two markers possibly emerged 
from an early gene duplication in archaea (not shown). Markers m5, m6 and m8 share no 
similarity with other enzymes and their function remains unknown. 

 
 

Distribution of markers associated with MCR/MCR-like-containing archaea in other archaea: 

Several marker genes associated with MCR/MCR-like-containing archaea are present in a few 
archaeal lineages that do not have MCR/MCR-like complexes (Supplementary Table 3). For 
example, markers m15, m16 and m17 occur in some representatives of Archaeoglobales, in 
NRA7 (a novel lineage related to Archaeoglobales32), in Lokiarchaeota/Thorarchaeota33 
(Asgard superphylum34), in Hydrothermarchaeota32, a lineage sister to 
Methanomassiliicoccales (“Methanomassiliicoccales-related”), and in Theionarchaea35 
(Supplementary Table 3). To the exception of Lokiarchaeota/Thorarchaeota, these lineages 
are closely related to clades containing MCR-bearing archaea (Fig. 1). Phylogenies of these 
three markers are mostly unresolved (Supplementary Figs. 11-13), but they do not indicate 
that they arose in these archaea without MCR/MCR-like complexes through recent horizontal 
gene transfer from known archaea with a methane or short-chain alkane metabolism. Also, in 
these phylogenies a Methanomassiliicoccales-related lineage (without methane-metabolism) 
and the Methanomassiliicoccales are clustered together, suggesting the presence of these 
enzymes at least in their last common ancestor (Supplementary Figs. 11-13). The clustering of 
two Acherontia lineages, Theionarchaea (without methane-metabolism) and 
Methanofastidiosa, is also observed in the phylogeny of marker m16 (Supplementary Fig. 11). 
Altogether, these analyses suggest that these three genes could be remnants of a previously 
complete methane-related metabolism, and were possibly repurposed for other functions 
following loss of methanogenesis. It also appears that these three markers might have been 
transferred from Archaeoglobales to NM4 (Supplementary Figs. 11-13).  
 Finally, none of the markers display a distribution pattern matching with the presence 
of the H4MPT m-WL pathway in archaea (Supplementary Table 3), suggesting that they are 
not interacting directly with this pathway. 
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Supplementary tables 
 
Supplementary Table 1: Presence/absence of genes involved in specific substrate utilization, 
energy metabolism, cofactor biosynthesis, secretion, sulfate assimilation, N2 fixation, 
dissimilatory reduction of inorganic compounds, motility. Pathways and systems are 
subdivided into different spreadsheets. In each spreadsheet and for each MAG, protein 
accession numbers with the same color indicate co-localized genes. Provided in a separate .xls 
file. 
 

Supplementary Table 2: arCOG annotation of the 38 markers previously defined as specific to 
Class I/II methanogens and the annotation as “methanogenesis markers” (1 to 17) by 
TIGRFAM. 
 
Supplementary Table 3: Occurrence in archaea of 38 genes previously suggested to be 
methanogenesis marker. Provided in a separate .xls file. 
 
Supplementary Table 4: Methods (sequencing/read assembly/contig binning) applied to 
obtain the ten MAGs presented in this study. 
 
Supplementary Table 5: List of single copy genes composing the multi-marker concatenation 
used to build the Archaea reference tree (Fig. 1). 
 
Supplementary Table 6: Genomes used to build the Archaea reference tree (Fig. 1). The first 
spreadsheet shows the number of genome available and selected for the phylogeny, and the 
second spreadsheet give the NCBI accession number (if any) of the selected genomes. 
Provided in a separate .xls file. 
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Supplementary Table 2: arCOG annotation of the 38 markers previously defined as specific to 
Class I/II methanogens and the annotation as “methanogenesis markers” (1 to 17) by 
TIGRFAM. 
 

# Marker Name arCOG 
TIGRFAM            

"methanogenesis markers" 
Function 

1 m1_mcrA arCOG04857  
MCR 2 m2_mcrB arCOG04860  

3 m3_mcrG arCOG04858  
4 m4_Predicted rotamase arCOG04900 Methan_marker_3 Unknown 
5 m5_DUF2102 arCOG04901 Methan_marker_6 Unknown 
6 m6_DUF2112 arCOG04903 Methan_marker_5 Unknown 
7 m7_YjiL-like arCOG02679 Methan_marker_15 Unknown 
8 m8_DUF2113 arCOG04904 Methan_marker_17 Unknown 
9 m9_arCOG03226 arCOG03226 Methan_marker_7 Unknown 
10 m10_atwA arCOG00185  

F430 bioS 
and 
activation 

11 m11_mcrC arCOG03225  
12 m12_mcrD arCOG04859  
13 m13_cfbD arCOG04888  
14 m14_cfbE arCOG02822 Methan_marker_13 
15 m15_mtxX arCOG00854 Methan_marker_4 Unknown 
16 m16_AIR-synthase-related arCOG00640 Methan_marker_2 Unknown 
17 m17_Zn-ribbon protein arCOG01116 Methan_marker_11 Unknown 
18 m18_DUF2099 arCOG04893 Methan_marker_8 Unknown 
19 m19_DUF2117 arCOG03231  Unknown 
20 m20_Gly-thioamidase arCOG02882 Methan_marker_1 PTM* 
21 m21_DUF2124 arCOG04847  Unknown 
22 m22_DUF2098 arCOG04846  Unknown 
23 m23_SolubleP-type ATPase arCOG01579  Unknown 
24 m24_DUF2111 arCOG04902  Unknown 
25 m25_arCOG04853 arCOG04853 Methan_marker_9 Unknown 
26 m26_DUF2114 arCOG04866 Methan_marker_14 Unknown 
27 m27_mtrA arCOG03221  

MTR 
28 m28_mtrB arCOG04867  
29 m29_mtrC arCOG04868  
30 m30_mtrD arCOG04869  
31 m31_mtrE arCOG04870  
32 m32_arCOG04885 arCOG04885 Methan_marker_12 Unknown 
33 m33_Arg-methyltransferase arCOG00950 Methan_marker_10 PTM** 
34 m34_DUF1894 arCOG04844  Unknown 
35 m35_DUF1890 arCOG04845  Unknown 
36 m36_DUF2115 arCOG03215  Unknown 
37 m37_DUF2119 arCOG04894  Unknown 
38 m38_DUF2121 arCOG03213   Unknown 
MCR, methyl-coenzyme M reductase complex; MTR, N5-Methyltetrahydromethanopterin: coenzyme M 
methyltransferase complex;  
PTM, involved in post-translational modification of McrA residues; F430 prosthetic group of MCR. 
* Gly445, accroding to position on the MCR analysed by Ermler et al., 1997  
** Arg271, accroding to position on the MCR analysed by Ermler et al., 1997  
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Supplementary Table 4: Methods (sequencing/read assembly/contig binning) applied to 
obtain the ten MAGs presented in this study. 
 

MAG name 
Sequencing 

technology 

DNA 

fragment 

Assembler 

(parameters) 
Binning approach* 

NM1a HiSeq 2500 2 x 100 bp MetaSPAdes (k=79) ESOM (on 5-10 kb fragments of 
scaffods > 5 kb) 

NM1b See Hawley et al., 2014 ESOM (on 3-5 kb fragments of 
scaffods > 3 kb) 

NM2 454 titanium  500 bp Newbler (-mi 97 -ml 60) MetaBAT (--sensitive) 

NM3 HiSeq 2500 2 x 100 bp Megahit                   
(standart parameters) 

MetaBAT2                      (standart 
parameters) 

NM4 HiSeq 2000 2 x 150bp SOAPdenovo v1.05 
(K=85,89,93,97,101,105) 

ESOM (on 5-10 kb fragments of 
scaffods > 5 kb) 

Verst-YHS HiSeq 2000 2 x 150bp SOAPdenovo v1.05 
(K=85,89,93,97,101,105) 

ESOM (on 5-10 kb fragments of 
scaffods > 5 kb) 

Mnatro-ASL HiSeq 2500 2 x 150bp MetaSPAdes (standart 
parameters) 

ESOM (on 5-10 kb fragments of 
scaffods > 5 kb) 

ANME-1-THS HiSeq 2500 2 x 150 bp 

IDBA-UD (--mink 20 --maxk 
120  --step 10  --min_contig 
300 --min_count 2 --
pre_correction) 

ESOM  (on 3-5 kb fragments of 
scaffods > 3 kb) 

GoM-Arc1-
GOS HiSeq 2500 2 x 150 bp 

IDBA-UD (--mink 20 --maxk 
120  --step 10  --min_contig 
300 --min_count 2 --
pre_correction) 

DAS_Tool with ABAWACA 1.07, 
MaxBin 2, CONCOCT, MetaBAT 
(all tools were run with standard 
parameter) 

ANME-2c HiSeq 2500 2 x 150 bp 

IDBA-UD (--mink 20 --maxk 
120  --step 10  --min_contig 
300 --min_count 2 --
pre_correction) 

DAS_Tool with ABAWACA 1.07, 
MaxBin 2, CONCOCT, MetaBAT 
(all tools were run with standard 
parameter) 

*For ESOM, tetranucleotide frequencies were transformed with the RobustZT methode and the analysis was run 
with default values, with the exception of the training algorithm methods (k-batch), the number of columns and 
rows (changed according to esomWrapper.pl output), and the start value for radius (half the smaller length of 
the grid). 
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Supplementary Table 5: List of single copy genes composing the multi-marker concatenation 
used to build the Archaea reference tree (Fig. 1). 
 

Name COG 

RNA polymerase A COG0086 
RNA polymerase B COG0085 
Ribosomal protein S2 rpsB COG0052 
Ribosomal protein S10 rpsJ COG0051 
Ribosomal protein L1 rplA COG0081 
Translation initiation factor IF 2 COG0532 
Metalloendopeptidase COG0533 
Ribosomal protein L22 COG0091 
Ribosomal protein L4/L1e rplD COG0088 
Ribosomal protein L2 rplB COG0090 
Ribosomal protein S9 rpsI COG0103 
Ribosomal protein L3 rplC COG0087 
Phenylalanyl tRNA synthetase beta subunit COG0072 
Phenylalanyl tRNA synthetase alpha subunit COG0016 
Ribosomal protein L14b/L23e rplN COG0093 
Ribosomal protein S5 COG0098 
Ribosomal protein S19 rpsS COG0185 
Ribosomal protein S7 COG0049 
Ribosomal protein L16/L10E rplP COG0197 
Ribosomal protein S13 rpsM COG0099 
Ribosomal protein L15 COG0200 
Ribosomal protein L25/L23 COG0089 
Ribosomal protein L6 rplF COG0097 
Ribosomal protein L11 rplK COG0080 
Ribosomal protein L5 rplE COG0094 
Ribosomal protein S12/S23 COG0048 
Ribosomal protein L29 COG0255 
Ribosomal protein S3 rpsC COG0092 
Ribosomal protein S11 rpsK COG0100 
Ribosomal protein L10 COG0244 
Ribosomal protein S8 COG0096 
tRNA pseudouridine synthase B COG0130 
Ribosomal protein L18P/L5E COG0256 
Ribosomal protein S15P/S13e COG0184 
Ribosomal protein S17 COG0186 
Ribosomal protein L13 rplM COG0102 
Ribonuclease HII COG0164 
Ribosomal protein L24 COG0198 
Ribosomal protein L30 COG1841 
Ribosomal protein S4 COG0522 
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Supplementary Figure 1: Comparison of the
predicted energy metabolisms of methyl-
dependent hydrogenotrophic methanogens not
affiliated to Class I/II methanogens (red), with the
dominant type of methanogenesis of Class I/II
methanogens based on H2 and CO2 (green). For
Class I/II methanogens, box 1 and 2 correspond to
the model of energy conservation in methanogens
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the enzymes are presented in Supplementary
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Supplementary Figure 3: Comparison of the predicted energy metabolisms of ANMEs (orange), short-chain alkane utilizers (blue) and methylotrophic Methanosarcinaceae (green). Colored arrows correspond to reactions modifying or
transferring the carbon group(s) of the substrate. Enzymes are detailed in Supplementary Table 1. MFR, methanofuran; H4MPT, tetrahydromethanopterin; Fd, ferredoxin; F420, coenzyme F420; LCFA, Long chain fatty acids; MQ,
menaquinone; Mp, methanophenazine; DIET, Direct Interspecies Electron Transfer. C-type multiheme cytochrome could possibly be involved in iron reduction associated with methanotrophy in MethanoperedensSup36. Grey color
indicates the absence of the enzyme, complex, reaction or compound. ANME-2a/b/d, ANME-1b and ‘Ca. Syntrophoarchaeum’ metabolic maps are adapted from references cited in the main text.
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Supplementary Figure 4: The hdrABC/mvhD/fdhB-like gene cluster coding for a potential electron confurcating

heterodisulfide reductase. A) Organization of the hdrABC/mvhD/fdhB-like gene clusters in ANME and short-chain alkane

oxidizers. The F420 reducing hydrogenase domain of the FdhB-like enzyme is weakly conserved in ‘Ca. Methanophagales’

(ANME-1) and ‘Ca. Syntrophoarchaeum’ and highly conserved in ANME-2 and GoM-Arc1. In ANME-2 and GoM-Arc1, the

fdhB-like gene is followed by a gene displaying similarity with fdhA. However, the formate dehydrogenase domain of this

FdhA-like enzyme is weakly or not conserved. This fdhA-like gene is not present in ANME-2c but could be among the genes

missing from the assembly as the contig is interrupted after the fdhB-like gene. Double dashes indicate contig interruption.

B) Tentative model representing the possible redox coupling of HdrABC/MvhD/FdhB-like complex. Fdred, reduced

ferredoxin; Fdox, oxidized ferredoxin. CoM-S-S-CoB, heterodisulfide; CoM-SH, coenzyme-M; CoB-SH, coenzyme B.
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Supplementary Figure 5: Phylogeny and environmental distribution of ‘Ca. Methanophagales’ (ANME-1), highlighting a ‘Ca. Methanophagales’ Land Clade and a ‘Ca. Methanophagales’ Marine Clade. 
Sequences derived from marine environments are indicated by blue dots and those from terrestrial environments are indicated by brown dots. Sequences from the two ‘Ca. Methanophagales’ MAGs 
are in bold and an arrow indicates the ANME-1-THS MAG. The Maximum likelihood McrA tree was built with IQTREESup40 and the LG+G4 model on 53 sequences (45 sequences of ANME-1 and 8 
sequences of Methanofastidiosa as outgroup). Node supports values were generated with 1000 ultrafast bootstrap replicates. Only the supports for the two mains ANME-1 clades are displayed. The 
scale bar represents the average number of substitutions per site.
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Figure S6

V. cholerae ANME-1-
THS NM1a NM1b M.burtonii ANME-2c ANME-2a

RnfA 6 6 6 6 6 6 6
RnfB 1 1 1 1 1 1 1
RnfC 0 0 0 0 0 0 0
RnfD 5 8 8 8 6 9 7
RnfE 5 6 6 6 6 6 6
RnfG 1 1 1 1 1 1 1
RnfX - - - - 3 - 2
Cyt-C - - - - 1 - 1

NuoF Escherichia coli G L K G R G G A G F S T G L K W S L M P K D E S M N I R Y L L C N A D E M E P G T Y K D R
RnfC Acetobacterium woodii G I V G L G G A T F P T H V K L A I - - P P D - K K V D C V V L N G A E C E P Y L T A D H
RnfC Vibrio cholerae G I S G M G G A G F P T A K K L - - Q S G - - L S R T E I L I I N A A E C E P Y I T A D D
RnfC Rhodobacter capsulatus G I V G M G G A T F P S A V K L N L R A K Y - - - D L T T L I I N G A E C E P Y L T C D D
RnfC ANME-1-THS G I V G L G G A A F P T A V K L - - - S P P E G K T I D T V I L N G A E C E P G I T A D H
RnfC NM1a G L V G L G G A A F P T H V K L - - - S P - - K T K I D T L I L N G C E C E P Y I T S D H
RnfC NM1b G V V G L G G A A F P T S V K L - - - S P - - - D K I D T L I I N G C E C E P Y I T A D H
RnfC Methanosarcina acetivorans G I V E Y Y E K - - P T Y L A L - - - K P - - G K R I D T L L M N A T F - - P L I T H A Y
RnfC Methanohalophilus halophilus G I V E N Y G T - - P T H L V L - - - N P P D C D - I D T V L I N A T A S E - W V G H S Y
RnfC Methanomethylovorans hollandica G I V E H Y G L - - P T Q S V L - - - N P - D G K K I N T V L I N S T S S E - W I G G K F
RnfC ANME-2c G I V E P N G L - - P T V H K K - - - - - - - - V G I D T I I I N G T N T G - D L S S N A
RnfC ANME-2a G V V E L N G Y - - S L Y N M L T S E - - - - - K L I D T V L I N L S F S G - D V S S N C

Supplementary Figure 6: The potential ferredoxin:NAD oxidoreductase Rnf complex coded by ANME-1-THS and NM1
genomes. A) On the left, tentative model of the ferredoxin:NAD+ oxidoreductase Rnf complex in Bacteria (based onSup37) and
possibly in ANME-1-THS and NM1. On the right, tentative model of the ferredoxin:methanophenazine oxidoreductase Rnf
complex in Methanosarcinales (based onSup26). The exact topology, electron flow and the sodium ion translocation mechanism
has not been determined in Methanosarcinales. RnfG and RnfD of ANME-1-THS and NM1 have the FMN-binding domain
characterized in V. choleraeSup38. In Methanosarcina FMN bind to RnfGSup39 but RnfD does not have this domainSup26. The
subunits are colored according to the genes in cluster organization (below). Fdred, reduced ferredoxin; Fdox, oxidized
ferredoxin; Mp, methanophenazine; MpH, reduced methanophenazine. B) Organization of the genes coding for Rnf. It
includes distantly related species and shows the extra-subunit of the Methanosarcinales compared to the other taxa as well as
the longer rnfB in NM1 (have 4 additional 4Fe-4S clusters). rnfC and rnfD of ANME-1-THS are on two contig edges. Genes
surrounded with a black frame have one or several predicted transmembrane helices. C) Amino acid conservation in the NAD-
binding domain in RnfC. Comparison between the NADH oxidoreductase (NuoF) of the NADH:quinone oxidoreductase
complex (Nuo), the RnfC of bacteria known to bind NAD, the RnfC of Methanosarcinaceae known not to bind NAD and RnfC of
ANME-1-THS and NM1. Conserved positions between NuoF and bacterial RnfC with a possible important function for binding
NAD, are in green. They are mostly conserved in the RnfC of ANME-1-THS and NM1 suggesting that their Rnf complex use
NAD, at the difference of the Rnf of the Methanosarcinaceae. D) Number of predicted transmembrane helices in Rnf subunits.
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.95

Petroleum fluid-degrading methanogenic enrichment culture | NM1a

Oil-polluted saline soil | Clone Ou2O-36 | AJ556484.1

Hexadecane-degrading consortium from crude oil-contaminated soil  | Clone MTYC 10 | HQ845192.1

Hexadecane-degrading methanogenic consortium | Clone A2289 | HQ133150.1

Hexadecane-degrading consortium 55C | Clone L55A 7 | JF947151.1

.99

Sediment of a polluted site of Suez Gulf | Clone 6SuezARCH | AB899902.1

Oil field | Clone SZY.L801.1 Tag18205 | KU019146.1

Water samples from oil well | Clone G6 | KC442800.1

Uranium contaminated sediment from Jaduguda | Clone J15-35 R3 | JF509155.1

Produced fluid from Niibori oilfield | Clone NRA6 | HM041907.1

Gulf of Mexico cold-seep sediments | Clone GoM140 Arch81 | AM746103.1
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Supplementary Figure 7: Phylogeny, diversity and environmental distribution of NM1 (‘Ca. Methanoliparia’). Black 
arrows indicate the position of the two NM1 MAGs. The Maximum likelihood 16S rRNA tree was built with 
IQTREESup40 and the GTR+G4 model on 197 sequences (27 sequences of ‘Ca. Methanoliparia’ and 170 sequences 
from other archaea). Node supports values were generated with 1000 ultrafast bootstrap replicates, and only values 
above 0.80 for main branches are shown. The scale bar represents the average number of substitutions per site.
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Supplementary Figure 8: Gene clusters potentially encoding electron bifurcating/confurcating complexes in the two NM1
MAGs. These potential complexes correspond to NfnAB, HdrABC/EtfAB, HdrA/GltD-like enzyme (a fused hdrBC gene is
present at another position in both NM1a and NM1b and might be associated to HdrA/GltD-like enzymes). Slashes indicate
that some of the genes are not contiguous.
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MAGs/genomes encoding an MCR/MCR-like complex. Slashes indicate that some of the markers are not contiguous on the
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Supplementary Figure 10: Bayesian phylogeny (PhyloBayes, CAT+GTR+Γ4) based on a concatenation of markers m4 to m9 (1476

amino acid positions) from 109 MAGs/genomes. Node supports indicate posterior probabilities, and only values above 0.8 are

shown. The scale bar represents the average number of substitutions per site. In the case of ANME-1 and GoM-Arc1 and for the

extra copies of m4, m8, m9 that are present in NM1 and in ‘Ca. Syntrophoarchaeum caldarius’ (Syntropho. caldarius), the

markers concatenated are displayed in front of the corresponding branches. The color code of the lineages is similar to Fig. 1/Fig.

2. Vertical lines in front of the phylogeny indicate the portions of the tree that are congruent with the reference archaeal

phylogeny (yellow) and/or the MCR/MCR-like subunits phylogeny (turquoise).
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Supplementary Figure 11: Maximum likelihood phylogeny of the marker m15, mostly associated with archaea

coding for MCR/MCR-like complexes but also present in few other archaea (based on 160 genomes/MAGs). The tree

was built with IQTREESup40, using the LG+R6 model (best model defined by IQTREE). Node supports were generated

with 200 non-parametric bootstraps, and only values above 80% are shown. The yellow vertical lines in front of the

phylogeny indicate the portions of the tree that are congruent with the reference archaeal phylogeny (Fig. 1). The

scale bar represents the average number of substitutions per site.
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Supplementary Figure 12: Maximum likelihood phylogeny of the marker m16, mostly associated with archaea
coding for MCR/MCR-like complexes but also present in few other archaea (based on 168 genomes/MAGs). The tree
was built with IQTREESup40, using the LG+R6 model (best model defined by IQTREE). Node supports were generated
with 200 non-parametric bootstraps, and only values above 80% are shown. The yellow vertical lines in front of the
phylogeny indicate the portions of the tree that are congruent with the reference archaeal phylogeny (Fig. 1). The
scale bar represents the average number of substitutions per site.
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Supplementary Figure 13: Maximum likelihood phylogeny of marker m17, mostly associated with archaea coding for
MCR/MCR-like complexes but also present in a few other archaea (based on 155 genomes/MAGs). The tree was
built with IQTREESup40, using the LG+R6 model (best model defined by IQTREE). Node supports were generated with
200 non-parametric bootstraps, and only values above 80% are shown. The yellow vertical lines in front of the
phylogeny indicate the portions of the tree that are congruent with the reference archaeal phylogeny (Fig. 1). The
scale bar represents the average number of substitutions per site.


